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This study investigated the effects of controlled reinfection on fertility of cattle naturally preexposed to
Chlamydophila abortus. All animals had high prechallenge levels of immunoglobulin M (IgM), IgG, IgG1, and
IgG2 serum antibodies against ruminant C. aborfus in a chemiluminescent enzyme-linked immunosorbent
assay. Twenty virgin heifers were estrus synchronized with prostaglandin F2, artificially inseminated 2 to 3
days later, and challenged immediately by intrauterine administration of 0, 10%, 10°, 10°, or 10® inclusion-
forming units (IFU) of C. abortus. Ten heifers were estrus synchronized, inseminated, and uterine challenged
2 weeks later. These animals were also indirectly exposed to C. abortus infection (cohort challenged) by contact
with their previously challenged cohorts. Pregnancy was determined by rectal palpation 42 days after insem-
ination. All anti-C. abortus antibody isotypes increased in heifers following uterine challenge with 10® IFU. A
total of 11, 83, 50, 66, and 0% of heifers were pregnant after uterine challenge with 0, 10*, 10°, 10°, and 10® IFU
of C. abortus, respectively. A total of 50 and 65% of heifers were pregnant with and without cohort challenge,
respectively. Uterine inoculum dose and cohort challenge (or, alternatively, a negative pregnancy outcome
[infertility]) correlated highly significantly with a rise in postchallenge anti-C. abortus IgM levels over pre-
challenge levels. Logistic regression modeled fertility, with uterine challenge dose and cohort challenge or
prechallenge IgM as predictors (P < 0.05). The models predict that the uterine C. aborfus inoculum causing
infertility is 8.5-fold higher for heifers without cohort exposure and 17-fold higher for heifers with high IgM

levels than for heifers with cohort exposure or with low IgM levels.

The intracellular bacterium Chlamydophila abortus is well
recognized as the infectious agent of epizootic bovine abortion,
and its role in this disease has been reviewed previously (33).
Abortion probably follows systemic infection subsequent to
inhalation or ingestion of elementary bodies (EB), the infec-
tious form of bacteria of the order Chlamydiales, but may also
result from direct inoculation of the reproductive tract with EB
during sexual contact. Although cattle may experience clinical
disease subsequent to inoculation with C. abortus, the more
typical response is a balance between host and parasite that
results in chronic inapparent infection (33). Although eco-
nomic losses caused by epizootic bovine abortion are readily
apparent, infection by the routes described above also occurs
during breeding and may result in unrecognized economic
losses as a result of subclinical infertility (3, 22).

The ruminant abortion species, C. abortus (previously
termed Chlamydia psittaci serovar 1, biovar 1, ompl strain
B577) (9), is not host species or tissue specific and is also a
leading cause of abortion in sheep (20-22, 33). Human beings
are also susceptible to infection with this strain of C. abortus
(contracted predominantly during unprotected aid in delivery
of aborted lambs) (10, 17, 33). Infected human beings may
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exhibit flulike symptoms, and pregnant women have a high
probability of abortion when clinical signs of disease are ap-
parent (10, 17, 33).

Cattle raised under normal animal husbandry conditions
invariably have high-level antibody titers against Chlamy-
dophila spp., presumably due to the ubiquitous presence of
infections such as genital infection with the ruminant abortion
strain of C. abortus (6, 7, 32, 42). Bovine infertility associated
with C. abortus infection has been addressed but has not been
extensively characterized (6, 7, 15, 18, 23, 30-34). The role of
the C. abortus challenge dose in fertility and the relative im-
portance of the route of inoculation are unknown even though
it is recognized that bulls can shed C. abortus in semen, that
breeding bulls that shed C. abortus in semen have decreased
fertility, that semen spiked with C. abortus is associated with
reduced fertility, and that uterine challenge with C. abortus can
cause metritis (3, 16, 38, 39).

Cattle typically experience a first infection with C. abortus
and other Chlamydophila strains at an early age and respond by
establishing immune responses (6, 7). This presents the follow-
ing interesting question: if cattle with established immunity
have the ability to effectively control infection, what are the
consequences when these animals eventually and almost in-
variably become reinfected?

In this study we analyzed (by uterine and cohort challenge)
the consequences of reinfection with C. abortus for the fertility
of heifers preexposed to this agent. We report that preexposed
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heifers are fully susceptible to depression of fertility, with fer-
tility being dependent on the uterine and cohort challenge
dose and anti-Chlamydophila immune status. The results sug-
gest that subclinical infection with C. abortus may profoundly
affect bovine herd health and production.

MATERIALS AND METHODS

Cultivation of Chlamydophila spp. C. abortus strain B577 (VR-656; American
Type Culture Collection, Manassas, Va.) isolated from ovine abortion (37) was
grown in cultures in Buffalo green monkey kidney cells and NCI-H292 cells
(BioWhittaker, Walkersville, Md.), as described previously (13). Briefly, cells
were maintained in minimal essential medium (Life Technologies, Gaithersburg,
Md.) containing 5% fetal bovine serum, 25 pg of gentamicin/ml, and 2 pg of
amphotericin B/ml. Confluent monolayers were inoculated with C. abortus by
centrifugation, and the medium was changed to Iscove’s modified Dulbecco’s
medium (Life Technologies) supplemented with gentamicin, amphotericin B,
and 10% fetal bovine serum. At 1 week later, 0.25% glucose was added; released
EB were harvested in culture medium 3 to 4 days later. Crudely purified EB were
prepared by sonication and centrifugation, as described previously (13). Briefly,
cell culture medium containing released EB was sonicated on ice and cell nuclei
were removed by centrifugation. The EB in supernatant were sedimented by
high-speed centrifugation on a step gradient composed of 50% sucrose and 30%
renografin-76 in 30 mM Tris-HCI (Squibb, Princeton, N.J.) (pH 7.3). Sedimented
EB were washed twice in sucrose-phosphate-glutamate buffer and frozen at
—85°C and served as a concentrated C. abortus stock preparation. Inclusion-
forming units (IFU) of the C. abortus stock were determined in shell vial cultures
by staining 30-h-infected Buffalo green monkey kidney cells with monoclonal
antibody against chlamydial lipopolysaccharide (Bio-Rad, Woodinville, Wash.).
Five different doses of C. abortus strain B577 (0, 10%, 10°, 10°, and 10® IFU) were
produced by diluting stock C. abortus preparation in sucrose-phosphate-gluta-
mate buffer to a final volume of 400 pl and were placed in 0.5-ml wick and
powder polyvinyl chloride embryo transfer straws (Professional Embryo Transfer
Supply, Inc., Canton, Tex.). Straws were sealed with polyvinyl powder (Profes-
sional Embryo Transfer Supply, Inc.), cooled slowly to —85°C, and stored in
liquid nitrogen.

C. abortus serology. Single serum samples from each animal were collected at
the start of the experiments (before heifers were challenged with C. abortus) and
again at the conclusion of the experiments. Sera were tested (using a previously
reported method that has been modified as a chemiluminescent assay) (12, 18)
in duplicates by enzyme-linked immunosorbent assays (ELISA) for antibodies
against C. abortus strain B577 EB lysate. Results are reported as relative light
units (rlu) per second. The background signal for negative control sera from
gnotobiotic calves (50 to 200 rlu/s in all assays) was subtracted from the data, and
results were normalized between assay plates by use of linear least-square fit
equations derived from positive-control sera.

Holstein heifer model. Virgin Holstein heifers (n = 32) were fed Bermuda
grass hay supplemented twice a day with a grain-based concentrate and housed
on Bermuda grass pasture. The age (mean * standard deviation) of heifers was
15.2 = 1.16 months. All animal procedures were approved by Auburn Univer-
sity’s Institutional Animal Care and Use Committee.

Heifers were observed for standing estrus twice daily over 30-min observation
periods. Standing estrus was defined as the condition in which a heifer would
stand to permit another heifer to mount. In addition, heifers were fitted with
pressure-sensitive radio transmitters (HeatWatch; DDx Inc., Denver, Colo.)
applied immediately cranial to the tailhead. Mounting data were continually
collected by a radio receiver that downloaded to a desktop computer. Commer-
cial software (HeatWatch; DDx Inc.) was used to analyze mounting data to
determine the onset of estrus. Estrus in all heifers (n = 32) was synchronized
with a single injection of dinoprost tromethamine (Lutalyse; Pharmacia & Up-
john Company, Kalamazoo, Mich.) (25 mg; intramuscular injection; prostaglan-
din F2). At 2 weeks later, heifers that were not bred after the first injection
(group 2; n = 10) received an additional injection of dinoprost tromethamine.

Heifers in standing estrus were bred by artificial insemination using semen
from a bull of proven fertility (Rubytom; Southeast Select Sires, Franklin,
Tenn.). Semen was stored in liquid nitrogen, thawed in a water bath at 35°C for
45 s, and placed immediately into the uterine body (approximately 1 cm from the
cervix).

Heifers were challenged with uterine C. abortus 5 min after breeding. The
inoculum was thawed in a water bath at 35°C for 45 s and placed approximately
1 cm into the uterine body. Heifers were randomly assigned to five groups, and
each group was challenged with a different dose of C. abortus (0, 10%, 10°, 10°,
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and 10® IFU). There were 6 heifers per treatment group for a total of 30 heifers.
Two additional heifers (reserved as spares) were not used in the experiment.

Heifers that received intrauterine challenge with 0 to 10% IFU of C. abortus
were randomly assigned to one of two groups. Heifers assigned to group 1 were
bred and challenged at the onset of the experiment and served as a group with
no cohort challenge with C. abortus. Breeding and challenge of group 2 heifers
were delayed for 2 weeks (so that group 2 heifers would be exposed to maximum
genital-tract shedding of C. abortus from the heifers in group 1) and served as a
group that was exposed to cohort challenge with C. abortus at the time of
breeding (as indicated by a significantly increased vaginal C. abortus load) (8).
The goal of this approach was to ensure that maximum vaginal shedding of group
1 heifers coincided with the implantation of embryos into the uterine wall of
group 2 heifers (at which time the group 2 heifers were at the highest level of
susceptibility to infection with Chlamydophila). Pregnancy status was determined
by manual rectal palpation at 42 days postbreeding. At 2 months after the
completion of this experiment, all heifers that were not diagnosed pregnant were
synchronized again with dinoprost tromethamine and bred a second time.

Validation of the cohort challenge model. Two additional experiments were
conducted to validate the cohort challenge model. The first validation experi-
ment was designed to provide a cohort challenge that was similar to the challenge
used in the original experiment. The estimated relative cohort challenge of the
initial experiment was duplicated with a uniform first-round uterine inoculum of
3 X 107 IFU of C. abortus strain B577 in 15 out of 32 heifers. Relative cohort
challenge was estimated as the sum of the log inoculum IFU values for first-
round uterine-inoculated heifers multiplied by the number of first-round uterine-
inoculated heifers divided by the total number of heifers: relative cohort chal-
lenge = (15 X 7.5) X (15/32) = 52.7; relative cohort challenge (initial
experiment) = [(5 X 8) + (5 X 6) + (3 X 5) + (3 X 4)] X (16/32) = 48.5. The
experiment was also modified (by using a uterine challenge dose [3 X 107 IFU of
Chlamydophila) that was 33% of the high-level dose [10® IFU] used in the initial
experiment) to reduce the effect of direct uterine challenge on fertility. The goal
of this approach was to retain the overall amount of vaginal shedding (compared
to the results seen with initial experiment) while allowing some of the uterus-
challenged heifers to become pregnant.

The second validation experiment was designed to reduce the effect on fertility
of both the overall cohort challenge and direct uterine challenge with C. abortus.
This was achieved by (i) reducing the number of heifers that received uterine C.
abortus in the first period to 7 heifers (compared to 15 heifers in the first
validation experiment) and (ii) reducing the challenge dose to 6.67 X 10° IFU
(compared to the 3 X 107 IFU dose that was used in the first validation exper-
iment). This resulted in a relative cohort challenge of (7 X 6.82) X (7/32) = 10.4.
At 2 months after the completion of the first and second validation experiments,
heifers that did not become pregnant were again synchronized with dinoprost
tromethamine and bred a second time.

Statistical analysis. Paired sera (collected before and after challenge with C.
abortus and tested by ELISA) from heifers of each challenge group were eval-
uated for changes in immunoglobulin (Ig) isotype concentration with the Wil-
coxon signed rank test (35).

Changes in concentrations of anti-C. abortus antibodies over time were eval-
uated by using the ratio of postchallenge to prechallenge antibody concentra-
tions, with values above or below 1 indicating increases or decreases in antibody
levels over time, respectively. This ratio was termed the “antibody trend.” An-
tibody trends (determined by Ig isotype) for all pregnant versus nonpregnant
(infertile) and all cohort- versus non-cohort-challenged heifers were analyzed by
Student’s ¢ test (41).

Pregnancy outcome versus logarithm uterine C. abortus IFU dose and cohort
challenge with C. abortus or antibody concentration against C. abortus were
statistically modeled with logistic regression (4, 5, 29, 36). IFU dose data were
logarithmically transformed, and antibody data were transformed to dichoto-
mous data as either above or below median values before modeling. Log values
(odds of infertility) were modeled as log (odds) = b, + bx; + byx,, where b,
represents the intercept, b, and b, represent regression coefficients, and x; and
X, represent the independent-variable log IFU challenge dose (0, 4, 5, 6, and 8)
and cohort challenge (0 and 1) and antibody level (0 and 1) values, respectively.
Probability of infertility was calculated as probability = odds/(1 + odds) (4, 5, 28,
36). Values of P of <0.05 were considered significant.

RESULTS

Holstein heifers have high prechallenge anti-C. abortus an-
tibody levels. The levels of prechallenge Ig isotypes were high
in all heifers, with median (range) values for the entire group
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FIG. 1. Uterine inoculation of heifers with C. abortus increases
preexisting anti-C. abortus serum antibody levels in a dose-dependent
manner. Estrus was induced in a total of 32 Holstein heifers by injec-
tion with dinoprost tromethamine. A total of 30 heifers (6 heifers each
per challenge dose of 0, 10%, 10°, 10%, or 10® IFU) responded with
estrus and were given a uterine challenge of C. abortus strain B577 via
the cervix. Single serum samples were collected 3 to 5 weeks before
and 7 to 9 weeks after inoculation. Median and quartile rlu values per
second are shown for bovine Ig isotypes IgM, IgG, IgG1, and IgG2 in
a chemiluminescent ELISA using C. abortus strain B577 EB lysate
antigen. Asterisks indicate significantly different pre- and postchal-
lenge serum antibody levels (P < 0.028 [Wilcoxon signed rank test]).
The increase in antibody levels at high levels of challenge inocula
suggests that these inocula sufficiently breached anti-C. abortus immu-
nity to establish infections that resulted in substantial stimulation of
the immune response to C. abortus.

of heifers of 17,298 (5,248 to 40,376), 15,761 (3,960 to 28,321),
7,059 (3,168 to 14,838), and 837 (36 to 9,605) for IgM, IgG,
IgG1, and IgG2, respectively (Fig. 1). These data indicate that
all of these virgin heifers had been exposed to C. abortus prior
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to challenge infection and that the infection had occurred by
nonsexual transmission (6, 7). Antibody levels of this magni-
tude are consistent with recent or ongoing infection with
Chlamydophila spp.

For each uterine C. abortus inoculation dose, levels of the
antibody isotypes in the single pre- and postchallenge paired
serum samples were compared using the Wilcoxon signed rank
test. IgG, IgG1, and IgG2 values for heifers that received the
highest uterine challenge dose of 10® IFU of C. abortus in-
creased significantly (P = 0.028) after challenge with C. abor-
tus. IgM antibody levels also increased in heifers challenged
with 10% IFU, but this increase was not significant. Anti-C.
abortus 1gM, IgG, IgG1, and IgG2 levels did not significantly
increase in heifers challenged with 0, 10, 10°, or 10° IFU of C.
abortus (Fig. 1). The pattern of significant changes suggests
that the three significant increases in postchallenge antibody
concentrations are not related to type I error in the 20 tests
performed (4 antibody isotypes X 5 C. abortus inocula).

The increased postchallenge serum anti-C. abortus antibody
concentrations seen after the highest uterine challenge suggest
that this inoculum sufficiently breached anti-C. abortus immu-
nity to establish an infection that substantially stimulated the
immune response to C. abortus. Despite this clear antibody
reaction to C. abortus infection, none of these heifers (and
none of the heifers challenged with lower inoculum doses)
showed any signs of overt systemic or genital disease (e.g.,
anorexia or clear signs of vaginal inflammation) throughout
the course of the experiment. The only clinical deviation ob-
served after uterine inoculation with C. abortus was that none
of the heifers that failed to conceive had a normal estrus cycle
of 21 days. These nonpregnant heifers returned to standing
estrus after 30 (x10) days.

Cohort and high-level uterine challenge with C. abortus pre-
dicts rises of anti-C. abortus IgM. To gain further insight into
the factors affecting the antibody responses, we used the ratios
of postchallenge to prechallenge serum anti-C. abortus anti-
body concentrations as indicators of the change in antibody
levels over the course of the experiment, i.e., as markers for the
stimulation of the antibody response. These ratios (subse-
quently termed antibody trends) indicate a rise in antibody
levels when they are larger than 1, while they indicate a decline
when they are lower than 1 (Fig. 2). Cohort challenge corre-
lated with an increased IgM trend versus no cohort challenge
(mean of all intrauterine challenge groups: 1.30 = 0.46 versus
0.95 * 0.38; P = 0.04), but IgG isotype trends did not differ
significantly between cohort- and non-cohort-challenged ani-
mals. The antibody trends for all Ig isotypes were higher in
infertile (nonpregnant) animals than in fertile ones (mean val-
ues for all intrauterine challenge groups: IgM, 1.39 * 0.46
versus 0.85 = 0.24 [P = 0.00]; IgG, 1.58 = 0.74 versus 0.99 =
0.24 [P = 0.01]; IgG1, 1.53 = 0.75 versus 0.98 * 0.34 [P =
0.01]; 1gG2, 3.69 = 5.04 versus 1.88 + 2.41 [P = 0.20]). Anti-
body trend data for IgM, the isotype with the strongest asso-
ciation with experimental parameters and outcomes, are shown
with respect to dependence on the uterine inoculum in Fig. 2.
Overall, the antibody trend data suggest that IgM anti-C. abor-
tus antibodies (more than IgG antibody isotypes) might be
closely associated with parameters affecting the stimulation of
the immune response by the C. abortus infection and poten-
tially the functional outcome of the infection.
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FIG. 2. Infertility and cohort challenge are associated with an in-
creased antibody trend for IgM. Median and quartile antibody trends
for IgM for all uterine C. abortus inoculum doses are shown. (A) The
antibody trend values for IgM of infertile heifers (nonpregnant; n =
12) are consistently higher than those seen with fertile heifers (preg-
nant; n = 18). (B) IgM trend values for cohort-challenged heifers (n =
10) are higher than those of herd mates that were not cohort chal-
lenged (n = 20). Cohort challenge indicates the exposure of insemi-
nated heifers to C. abortus infection by shedding from heifers that had
received uterine C. abortus inocula 2 weeks earlier. Animals that were
inseminated during the first round of estrus were scored as not cohort
challenged by herd mates that received uterine C. abortus inocula
during the same time span. Animals inseminated 2 weeks later (during
the second round of induced estrus) were scored as having been cohort
challenged by their herd mates that were inoculated in the first round.
Increased antibody trends for IgM were significantly associated with
infertility (P = 0.001) and cohort challenge (P = 0.04) with C. abortus
(Student’s ¢ test; mean of the results obtained with all intrauterine
challenge groups).

The high levels of postchallenge IgM of heifers that were
infertile in the challenge experiment predicted increased resis-
tance against Chlamydophila-mediated infertility and likely
high-level fertility in a second breeding (provided the challenge
inoculation had not caused irreparable uterine injury). At 60
days after initial challenge with C. abortus, 10 nonpregnant
heifers were bred a second time. Fertility levels were high for
all previous-uterine-challenge groups, with 80% of the heifers
becoming pregnant after the second breeding.

High uterine C. abortus challenge levels, cohort challenge
with C. abortus, and low prechallenge anti-C. abortus IgM lev-
els reduce fertility. Uterine challenge and cohort challenge
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FIG. 3. High uterine inoculum and cohort challenge with C. abor-
tus and low prechallenge anti-C. abortus serum IgM levels are associ-
ated with reduced fertility in heifers previously exposed to C. abortus.
Pregnancy as an indicator of fertility was evaluated 6 weeks after
uterine challenge with C. abortus. (A) Overall pregnancy data for
Holstein heifers (n = 30) inoculated in the uterus with 0, 10, 10°, 10°,
or 10® IFU (with or without cohort challenge). (B) Pregnancy data for
the same group of 30 heifers, with high (above-median) or low (below-
median) prechallenge anti-C. abortus IgM levels. Taken together,
these data suggest that reduction of bovine fertility by reinfection with
C. abortus depends on the epidemiological parameters of herd infec-
tion with C. abortus (specifically, on the total challenge) via direct
uterine inoculation and via cohort exposure and the immune response
to previous infection.

with C. abortus and low-level (below median) prechallenge
anti-C. abortus 1gM levels were associated with decreased fer-
tility in heifers, as shown in Fig. 3. When modeled with logistic
regression, uterine C. abortus inoculum levels, cohort chal-
lenge with C. abortus, and IgM levels against C. abortus pre-
dicted fertility levels, as shown in Fig. 4. Uterine C. abortus
inoculum levels, cohort challenge with C. abortus, and IgM
antibody levels against C. abortus significantly affected the
models at P values of <0.05. The odds ratios (Wald 95%
confidence intervals) per log C. abortus IFU for infertility were
5.4 (1.4 to 21; Fig. 4A) and 3.3 (1.2 to 9.5; Fig. 4B); i.e., the
models predicted that infertility would increase by a factor of
5.4 or 3.3 for each log increase in IFU of uterine C. abortus
inoculum. For cohort challenge with C. abortus, the odds ratio
for infertility was 4.6 (1.01 to 21.15); thus, the model predicted
that infertility would increase by a factor of 4.6 with cohort
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FIG. 4. Cohort challenge and prechallenge anti-C. abortus serum IgM
levels strongly modulate fertility after uterine challenge with C. abortus.
Fertility of challenged heifers (i.e., the percentage of pregnant animals) is
significantly predicted in logistic regression models by the uterine C.
abortus inoculum dose and cohort challenge by C. abortus (A) or by the
uterine inoculum dose and concentration of preformed IgM against C.
abortus (B). The solid line represents fertility dependence on the uterine
inoculum under conditions of cohort challenge to C. abortus (A) or under
conditions of below-median (low) levels of anti-C. abortus IgM (B). The
dashed line represents fertility without cohort challenge (A) or with
above-median (high) levels of anti-C. abortus 1gM (B). The graphs
represent logistic regression equations: % pregnant heifers
(probability of pregnancy) = 100 [¢!*5¢ — !1.68og IFU) = 1.53(C)
(1 + e1().56 — 1.68(log IFU) — I,53(C))] (A) or % pregnant = 100

€873 — 1.21(log TFU) — 1.48(IgM)/(1 + 873 = 1.21(log TFU) — l.48(IgM))] (B),
where log IFU represents the log,, of the uterine inoculum IFU dose
of C. abortus, C represents either no (0) or cohort (1) challenge by C.
abortus, and IgM represents an either below-median (0) or above-
median (1) concentration of preformed anti-C. abortus IgM. The Wald
P values are as follows: for inoculum dose, 0.016 (A) and 0.024 (B); for
cohort challenge, 0.048; and for IgM levels, 0.043. These logistic re-
gression models of fertility of heifers with established immunity against
C. abortus indicate that (i) with cohort challenge a uterine infection of
10°38 IFU of C. abortus is necessary to reduce fertility of heifers from
100 to 50% compared to the 8.5-fold-higher dose of 103! IFU re-
quired for the same reduction without cohort challenge (A) and (ii) at
low prechallenge anti-C. abortus IgM levels 10" intrauterine IFU of
C. abortus reduce fertility of heifers from 100 to 50% compared to the
17-fold-higher dose of 10”** IFU required for the same reduction at
high prechallenge anti-C. abortus IgM levels (B).
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challenge with C. abortus. For low prechallenge IgM levels
against C. abortus EB, the odds ratio for infertility was 4.4 (1.05
to 18.50); thus, the model predicted that infertility would in-
crease by a factor of 4.4 for heifers with lower-than-median
values of IgM. Overall, the logistic regression models demon-
strate that the uterine C. abortus inoculum required to cause
infertility is 8.5-fold higher for heifers without Chlamydophila
cohort challenge (and 17-fold higher for heifers with high IgM
antibody levels against Chlamydophila) compared to the results
seen with heifers with cohort challenge or with low IgM anti-
body levels against Chlamydophila spp.

Validation experiments corroborate reduction of fertility by
cohort challenge. Results for the validation experiments are
shown in Fig. 5. The first validation experiment approximated
the total cohort challenge of the initial experiment using a
uniform challenge dose. A total of 3 of 14 (21%) or 4 of 5
(80%) heifers without cohort challenge became pregnant when
challenged or not challenged by uterine inoculation with
Chlamydophila spp., respectively. In contrast, 0 of 7 (0%) or 0
of 3 (0%) heifers with cohort challenge became pregnant with
or without uterine challenge with Chlamydophila spp., respec-
tively. These results suggested that cohort challenge with C.
abortus induces infertility in cattle.

In the second validation experiment the relative cohort chal-
lenge with Chlamydophila spp. was reduced by 80% compared
to the results seen with the initial experiment. A total of 1 of 7
(14%) or 5 of 8 (63%) heifers without cohort challenge became
pregnant with or without uterine Chlamydophila challenge,
respectively. In contrast, 0 of 8 (0%) or 8 of 8 (100%) heifers
with cohort challenge became pregnant when challenged or
not challenged with uterine Chlamydophila spp., respectively.
These results suggest that cattle that are cohort challenged
with Chlamydophila spp. (at a level below a discrete threshold
value) will resist reinfection. However, when cattle are simul-
taneously inoculated with uterine Chlamydophila spp., this co-
hort challenge threshold value is breeched and the fertility
(which is already reduced by the uterine challenge) of these
cattle will be further reduced by the cohort challenge. These
results further suggest that the herd dynamics of infection
(such as total herd density, ratio of Chlamydophila-shedding
versus nonshedding animals, and level of Chlamydophila shed-
ding) strongly influence Chlamydophila-mediated depression
of bovine fertility.

DISCUSSION

Investigations conducted over the last 30 years have sug-
gested that C. abortus causes ubiquitous genital infection in
cattle (6, 7, 18, 31, 32, 42). Recently, we detected with high
frequency the presence of low levels of C. abortus strain B577
DNA in vaginal mucosal samples collected from virgin heifers
(6, 7). These data also suggest that nonsexual transmission of
the organism (most likely by ingestion from a contaminated
environment or by direct contact with shedding herd mates) is
an important mode of transmission for this organism in cattle
(6, 7). The study reported here provides additional evidence
that C. abortus is nonsexually transmitted to the reproductive
tract and that this transmission has the potential to cause
infertility. The present study confirms that environmental ex-
posure and direct cohort exposure may both serve as important
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FIG. 5. Uterine C. abortus inoculation experiments at high and low C.
abortus cohort challenge levels corroborate the influence of cohort chal-
lenge on bovine fertility. Validation experiments for the effect of cohort
challenge on fertility were performed with two groups of heifers. Group A
received a cohort challenge estimated to be similar to that of the first
experiment. Group B received 20% of the estimated original cohort chal-
lenge. (A) Pregnancy data for Holstein heifers (n = 29) with or without
cohort challenge to C. abortus. The uterine inoculum dose was either 3 X
107 IFU of C. abortus strain B577 or a placebo challenge. In this experi-
ment, the estimated relative cohort challenge of the initial experiment was
duplicated with a first-round uterine inoculum of 3 X 107 IFU C. abortus
strain B577 administered to 15 heifers. The relative cohort challenge value
was estimated as 52.7 (compared to that of the initial experiment [48.5]).
(B) Pregnancy data for Holstein heifers (n = 32) with or without an
estimated 20% of the relative level of cohort exposure of members of
group A. The relative value of cohort exposure to C. abortus was reduced
to 10.4 (approximately 20% of the cohort challenge value in the initial and
the first validation experiment [experiment A]) by reducing the number of
heifers (n = 7) that were uterus inoculated with C. abortus and by reduc-
ing the inoculation dose (to 6.67 X 10° IFU) per heifer. The uterine
inoculum dose was either 6.67 X 10° IFU C. abortus strain B577 or a
placebo challenge. The results of these experiments are consistent with a
reduction of bovine fertility subsequent to cohort challenge. Reduction of
the estimated relative cohort challenge by 80% appears to have abolished
the cohort-induced depression of fertility in heifers that did not receive
uterine challenge, but this cohort challenge still negatively influenced
fertility in heifers that also received a uterine challenge.

sources of infection and subsequent infertility caused by the
presence of C. abortus in cattle.

C. abortus may cause infertility in a number of ways. Bulls
with natural or experimentally induced C. abortus genital in-
fection often have pyospermia with a high level of occurrence
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of morphological abnormalities (3, 38, 39). Cows and heifers
with C. abortus genital infection may also have reduced levels
of fertility as a result of direct infection of the embryo after loss
of the zona pellucida and/or as a result of local infection and
related inflammation that creates a uterine environment that is
not conducive to embryo implantation. Experimental evidence
strongly suggests that uterine inflammation, and not direct
infection of the fertilized egg, is the dominant factor in bovine
female infertility caused by C. abortus (3). Our observation of
extended postinsemination estrus cycles of infertile heifers in
this study supports this concept.

The highest possible level of fertility for all heifers was
essential for meaningful results in this investigation. The com-
bination of estrus synchronization with prostaglandin F2 and
electronic estrus detection provided optimum information for
the best time of insemination. Precise identification of the
onset of estrus and a high plane of nutrition were important
factors that contributed to the high conception rate of heifers
that were not challenged with uterine C. abortus in this study.

Logistic regression models for the data from our study indi-
cate that a uterine challenge with 2.4 X 10° C. abortus IFU
would reduce the first-service conception rate of highly fertile
cattle from 100 to 50% if the cattle were exposed to C. abortus
shed by the herd mates. When cattle experience low-level en-
vironmental and cohort exposure to C. abortus, in contrast, the
increased uterine dose of C. abortus required for a 50% reduc-
tion in the first-service conception rate is 2 X 10° IFU (an
8.5-fold difference). Similarly, the dose required to reduce
fertility by 50% increases 17-fold (from 1.0 X 10° to 1.7 X 107
IFU) for cattle with high anti-C. abortus IgM antibody levels
compared to the results seen with cattle with low antibody
levels. Similar ranges of C. abortus challenge doses are typically
used in mouse studies (irrespective of a more than 10,000-fold
difference in body weight between cattle and mice), suggesting
a high natural susceptibility of cattle to C. abortus infection and
disease. Doses of C. abortus that caused infertility in this study
correspond well to natural challenges that are likely to occur in
commercial cattle operations (31). Vaginal infection and fer-
tility rates commonly observed in commercial cattle operations
are consistent with low-dose exposure to Chlamydophila spp.
In the second confirmation experiment (using a reduced cohort
challenge) of this study, a cohort-induced depression of fertil-
ity was not observed in heifers that did not receive a uterine
challenge. However, the cohort-induced reduction in fertility
was still evident in heifers that received uterine challenge. This
result suggests that a threshold of infection needs to be over-
come before fertility is depressed in heifers reinfected with
Chlamydophila spp. We assume that this threshold might be
lowered in cattle that experience C. abortus infection concur-
rent with reduced immune function due to dietary deficiencies,
stressors, and/or concurrent disease (all of which occur fre-
quently in commercial cattle operations).

The high concentrations of serum antibodies against C. abor-
tus suggest that all heifers in this study experienced active
infection with C. abortus or had recently recovered from infec-
tion. Thus, the heifers most likely had a competent naturally
acquired immune response to C. abortus. In this study, an
above-median IgM concentration was identified as a predictor
of subsequent fertility in cattle following challenge with C.
abortus. The association of improved fertility with above-me-
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dian prechallenge IgM concentrations is an important finding
with several possible explanations. One possible explanation is
that IgM protects animals directly from infection by neutraliz-
ing circulating C. abortus organisms or by mediating lysis of
infected cells, resulting in decreased incidences of diseases
such as infertility. Epidemiological data suggesting functional
effects of antibodies against C. abortus are limited (1, 11). Data
from Chlamydiaceae disease models and epidemiological in-
vestigations of human disease suggest that humoral antibodies
against C. abortus provide only limited protection from disease
(1, 2, 11, 14, 16, 19, 24-28, 40).

In this study, infertile heifers with below-median prechal-
lenge serum IgM levels still had considerable concentrations of
IgM. This fact, and the lack of significant differences for other
antibody isotypes, argues against causality of antibodies, in-
cluding IgM, in protection from infertility and suggests an
associative relationship of prechallenge IgM levels with pro-
tection. The primary mechanism of this protection is most
likely based on Th1 cellular immunity, as suggested by a large
body of evidence from human epidemiological and animal
model studies (1, 2, 11-14, 16, 19, 24-28, 40). Above-median
anti-C. abortus 1gM levels may indicate a recent episode of C.
abortus infection that elicits transient protection from disease.
Thus, elevated IgM may provide a surrogate marker of recently
stimulated anti-C. abortus cellular immunity, indicating the
presence of circulating specific effector T cells or high levels of
memory T cells. This explanation is consistent with our obser-
vation that elevated IgM levels (but not elevated total IgG or
IgG1 or IgG2 antibody levels, which are less indicative of
recent infection) predicted protection.

The strong association of an increased antibody trend for
IgM with infertility (Fig. 2) suggests a common mechanism that
results in both infertility and elevated anti-C. abortus serum
IgM levels. We assume that that this mechanism is associated
with reduced elimination kinetics of C. abortus from tissues,
including those of the uterus. This would result in a prolonged
uterine inflammatory response in animals with below-median
IgM levels that prevents implantation of the embryo and rep-
resents a stronger immune stimulus than the stimulus of an
infection that is rapidly eliminated by an effective immune
response. This concept is consistent with the high-level fertility
of heifers in this study that were bred a second time after
failing to conceive 60 days earlier following the initial breeding
and challenge. These heifers most likely mounted effective
cellular immune responses subsequent to the earlier C. abortus
challenge so that infection-associated inflammation was re-
duced, resulting in a high pregnancy rate.

The results of the present investigation clearly demonstrate
that previous exposure to C. abortus does not provide complete
protection from disease in a subsequent challenge (even in the
absence of clinical signs of disease). Relative immune protec-
tion can be accomplished, however, as indicated by the asso-
ciation of elevated anti-C. abortus serum IgM levels with re-
duced disease. Simple models with a total of three predictor
variables accounted for the variation in fertility observed in a
herd of dairy cattle that was preexposed to and then rechal-
lenged with C. abortus. These models addressed the main fac-
tors that impact the fertility of cattle infected with C. abortus
and provided valuable insight into the population dynamics of
infection with Chlamydophila. One of the logistic regression
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models clearly specifies profound effects on fertility of both
sexual and nonsexual transmission of C. abortus from herd
mates. Overall size and density of breeding and Chlamy-
dophila-shedding cohort populations influence the frequency
of sexual and cohort transmission and are therefore likely
critical determinants of Chlamydophila-mediated fertility dis-
orders.

Another major determinant of C. abortus-mediated fertility
disorders is the time-dependent response to boost cycles of
Chlamydophila-specific host immunity by natural reinfection.
Serum anti-C. abortus IgM levels (relative to the herd average)
provide a surrogate marker for immunity to Chlamydophila
infection, as specified in the second logistic regression model.
Aside from being influenced by the type and dose of reinfec-
tion, the immune response is influenced by a wide range of
herd-specific immunosuppressive factors, including quantita-
tive and qualitative malnutrition, numerous well-characterized
herd stressors, and/or concurrent disease (all frequently ob-
served in commercial cattle operations). Thus, the quality of
herd management will likely affect Chlamydophila-mediated
bovine fertility disorders. Another profound influence on any
immune response is the genetic variation of the host that is
characteristic of an outbred population. This resistance would
most likely be expressed through immune function but could
also be expressed as behavioral change, such as altered social
interaction with herd mates shedding Chlamydophila.

Chronic infections with C. abortus are ubiquitous in cattle,
and subtle manifestations of these infections are essentially not
recognized and thus are not subject to prophylactic or thera-
peutic measures. This study demonstrates that these subclini-
cal infections may have a profoundly negative effect on bovine
fertility and that these losses may be reduced with appropriate
herd management practices. Data from this study and C. abor-
tus prevalence data (6, 7) suggest a steady-state equilibrium of
C. abortus infection (at the herd level) which is driven and
maintained by asynchronous cycles of relative resistance and
the susceptibility of individual animals and by the kinetics of
sexual and cohort transmission as determined by breeding reg-
imen, herd size, and population density. This equilibrium may
be induced to shift by a variety of mechanisms, such as a
nutrition-related decrease in overall herd immunity, which can
lead to increased susceptibility to infection and enhanced
transmission, resulting in a proportional reduction in fertility.

The risk factors identified in this study may provide insight
for the development of viable prophylactic and therapeutic
measures. Numerous herd management practices (most im-
portantly, high-quality nutrition) need to ensure high-level im-
munocompetence of herds. Routine monitoring of sires for the
presence of C. abortus in semen and/or the prepuce would
provide useful information for reducing sexual transmission.
Cohort transmission may be decreased by reducing group size
and density and by the elimination or isolation of debilitated
animals that chronically shed Chlamydophila spp. Vaccination
may also serve as a component of a prophylactic or therapeutic
program by protecting individual animals from disease (9) and
by reducing Chlamydophila transmission within the herd. The
results of this investigation provide encouraging evidence that
effective vaccines against Chlamydophila spp. can be con-
structed. It is likely that this protection will require circulating
Chlamydophila-specific Th1 cells; consequently, this protection
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likely to be transient, with frequent vaccination required to

maintain continuous protection.
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